In spite of the metabolic importance of 3-dehydroshikimate dehydratase (DSD) in aromatization, little information is available on DSD from the cytosolic fractions (sDSDs) of Neurospora [1] [2] [3] [4] and Bacillus. 5) The sDSD contents in cytoplasms of the respective microorganisms are very low. Although the sDSD of N. crassa has been purified about 1,650-fold, 1) the purified sDSD preparation still contained some impurities. The sDSD from B. thuringiensis 97-27 subsp. konkukian AbsF amplified in E. coli appeared as a major band on SDS-PAGE. 5) When acetic acid bacteria possessing the periplasmic shikimate pathway were grown in quinate medium to the late stationary phase at which the primary growth substrate was depleted, the culture medium turned dark brown. Accumulation of protocatechuate (PCA) in the medium was suspected in a preliminary examination indicating the occurrence of a membrane-bound 3-dehydroshikimate dehydratase (mDSD) in the membrane fraction. Similarly to cases of typical oxidative fermentation by acetic acid bacteria, the incorporation of quinate into the cytoplasm, exhausting energy and pumping out the oxidation products from the cytoplasm to the periplasmic space quickly at great expense in bioenergy, might be impractical. Judging by this, the occurrence of mDSD is probable in some Gluconobacter strains 6) in the periplasmic space associated with the outer surface of the cytoplasmic membrane. Of the two enzyme activities of DSD, observations have indicated that mDSD is abundant in the membrane fraction, and that the enzyme activity of sDSD occurring in the cytoplasm is weak and instable, reflecting the characteristics of typical membraneassociated enzymes and cytoplasmic enzymes in acetic acid bacteria. 7) Thus the localization and catalytic functions of the two DSDs were proposed as illustrated in Fig. 1 , in relation to the physiological roles of the enzymes in oxidative fermentation outside the cells, mDSD, and in the cytoplasmic shikimate pathway, sDSD.
A series of studies on the periplasmic shikimate pathway in acetic acid bacteria [8] [9] [10] [11] have led us to the discovery of a new enzyme, membrane-bound mDSD. The first indication of mDSD in acetic acid bacteria led us to characterize the enzyme by enzymatic and physiological properties. As suggested by Tatum and Gross, 4) sDSD may have a physiological role in aromatization starting from 3-dehydroshikimate (DSA). The contribution of sDSD may have to do with intracellular aromatization, which should be distinguished from that of extracellular function linked to the accumulation of phenolic compounds in the culture medium. It is important to characterize mDSD and to compare its enzymatic properties with those of sDSD. This is the first report dealing with mDSD regarding solubilization of the enzyme from the membrane fraction of Gluconobacter oxydans IFO 3244, further purification, and the enzymatic properties of mDSD.
Materials and Methods
Materials. Diethylaminoethyl (DEAE)-cellulose was purchased from Whatman International (Maidstone, England). Hydroxyapatite was prepared by the method of Tiselius et al. 12) DSA was prepared as reported previously. 8, 10) The molecular extinction coefficient of DSA at 234 nm, 1:2 Â 10 4 M À1 cm À1 , was used. 13) Standard PCA was from Wako Pure Chemicals (Osaka, Japan). n-Dodecyl--D-maltoside (DM) and n-octyl--D-glucoside (OG) were from Dojindo (Kumamoto, Japan). Mydol 10 (MY) was provided courtesy of Kao (Tokyo).
Microorganisms and growth medium. The acetic acid bacteria used were obtained from the Institute for Fermentation, Osaka (IFO) and the National Institute of Technology and Evaluation (NITE). They were cultured in a quinate medium, as described previously. 14) Enzyme assays. DSD activity was measured spectrophotometrically by reading the increasing absorbance at 290 nm due to PCA formation. The reaction mixture contained 0.125 mmol of DSA, 100 mmol of acetate, pH 6.5, and DSD in a total volume of 1.0 ml. One unit of DSD activity was defined as the amount of enzyme catalyzing the formation of 1 mmol of PCA per min under the conditions imposed. Calculation of the PCA concentration was based on the molecular extinction coefficient at 290 nm, which was measured to be 4:0 Â 10 3 M À1 cm À1 . mDSD assay was based on measurement of the increasing absorbance of PCA at 290 nm. Specific activity was expressed as mmol PCA formation/min/mg of protein assayed at 25
C. An optical absorption coefficient of E 1% cm 280nm ¼ 10:0 was employed tentatively in protein concentration measurement. Confirmation of PCA formation was also done by paper chromatography under similar conditions to those described previously. 8) Absorption spectra were taken at 25 C with a Hitachi model U-2000 double beam spectrophotometer attached by a recorder.
Results and Discussion
Occurrence of mDSD in the membrane fraction of acetic acid bacteria Culture media of several strains of G. oxydans IFO 3244, IFO 3292, IFO 3293, and IFO 3294, which have the periplasmic shikimate pathway, grown in a quinate medium were colored dark brown when cultivation was prolonged to the late stationary phase, under conditions similar to those reported previously. 14) On the other hand, no color change in the culture medium was observed when they were grown in the absence of quinate. Direct PCA formation was observed when DSA was incubated with the membrane fraction or resting cells of different strains of G. oxydans, as shown in Fig. 2 . G. liquefaciens NBRC 12257 and NBRC 12258, which lack the periplasmic shikimate pathway, showed scarce of PCA formation. sDSD activity was difficult to control due to instability and low enzyme content, probably because the sDSD content in N. crassa was less than 0.06% of the total soluble enzyme, and a partially purified enzyme after 1,650-fold purification showed only a moderate enzyme activity. 3) In case of the acetic acid bacteria, as probably with other microorganisms including bacteria, yeast, and fungi, most microorganisms are equipped with the cytosolic shikimate pathway, and sDSD must exist more or less in the cytoplasm. In case of Bacillus, sDSD became detectable after it was amplified in E. coli. 
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Solubilization of mDSD
In this experiment, the use of detergents showing extensive absorption in the UV region, like Triton X-100, was avoided because of disturbance to the mDSD assay done at 290 nm. Hence detergents such as n-dodecyl--Dmaltoside (DM), Mydol 10 (MY), and n-octyl--Dglucoside (OG) were used for mDSD solubilization. As shown in Table 1 , mDSD was well solubilized with 1% detergent regardless of the presence or absence of KCl. In case of the solubilization of membrane-bound 3-dehydroquinate dehydratase (mDQD), the addition of KCl as a chaotropic agent facilitated mDQD solubilization.
11) Thus a mDSD was a different enzyme from mDQD, indicating weaker interaction with the membrane than mDQD, although the physiological functions look similar. In the supernatant obtained without detergent, some mDSD activities (26-32%) were detected. This was due to a technical reason, that a fine membrane fraction remained in the supernatant after the mixtures were centrifuged at low speed in a tabletop centrifuge in the absence of detergent and that the supernatants were still some turbidity, while the other supernatants obtained in the presence of detergent gave a clear supernatant. When solubilized mDSD (1 ml) was dialyzed overnight at 4 C against 1 liter of 10 mM acetate buffer, pH 6.0, containing 5 mM 2-mercaptoethanol (MSH) without detergent, the mDSD activity became labile. On the other hand, when the solubilized mDSD was allowed to stand for 7 d at 4 C in the presence of detergent, mDSD activity remained stable at the same level of mDSD as found with freshly prepared solubilized mDSD. In an alternative dialysis experiment, mDSD solubilized with 1.0% DM (1 ml) was dialyzed overnight against 1 liter of 10 mM acetate buffer, pH 6.0, containing 5 mM MSH in the presence and the absence of 0.01% DM. mDSD was stable when dialyzed in the presence of the detergent, implying that it is a typical membrane-bound enzyme characteristic of other species of membrane-bound enzymes in acetic acid bacteria and other aerobic microorganisms. 7) As explained previously, 11) if conversion of DSA to PCA occurs inside the cytoplasm, the DSA outside the cells should be incorporated rapidly into the cytoplasm and the PCA formed should be pumped out of the cells with 100% recovery, but there are no bioenergy suppliers to support such a mechanism. Perhaps mDSD works outside the cells and sDSD contributes to cytoplasmic PCA formation, as illustrated in Fig. 1 .
Purification of mDSD
A portion of the membrane fraction of G. oxydans IFO 3244 (15 g wet wt., corresponding to 10% of the total membrane fraction obtained from 500 g of wet cells) from which cytoplasmic fraction containing sDSD had been removed was used. All the buffer solutions used contained 5 mM MSH and 0.01% DM, except as otherwise stated. The membrane fraction was suspended in 10 mM KPB, pH 7.2, and the mixture was homogenized with a glass homogenizer. The protein concentration was adjusted to 10 mg/ml, and DM was added to 1.0%. After gentle stirring for 1 h at room temperature, the membrane suspension was centrifuged at 68;000 Â g for 60 min. The supernatant was applied to a DEAEcellulose column (1:5 Â 20 cm) that had been equilibrated with 10 mM KPB, pH 7.2. Elution of the enzyme was done stepwise with the same buffer containing various concentrations of KCl. After treatment of the column with a buffer containing 90 mM KCl, mDSD was DSA was incubated with membrane fractions from several acetic acid bacteria as indicated. Authentic DSA and PCA at arbitrary concentrations were spotted on a paper. The reaction mixtures were treated with 1% trichloroacetic acid (TCA) at the final concentration, and the precipitate was spun down. Aliquots of the TCA supernatants were developed by paper chromatography under the conditions previously reported. 8, 14) The paper was sprayed with a reagent of Na-metaperiodate, and a photograph was taken immediately. DM, n-dodecyl--D-maltoside; MY, Mydol 10 from Kao; OG, n-octyl--Dglucoside mDSD solubilization was done in an Eppendorf plastic tube (2 ml), and the solubilized enzyme was recovered in the supernatants after tabletop centrifugation. The membrane suspension at 0.1 ml (30 mg protein/ml in 10 mM KPB, pH 7.2) and the detergent were added to 1.0% or 0.1%, and the total volume was adjusted to 1.0 ml in the presence and the absence of 1.0 M KCl. After gentle stirring, the incubation mixtures were allowed to stand overnight in a cold room (4 C). After spinning down with a tabletop centrifuge at 12,000 rpm for 20 min, mDSD activity was measured with the supernatant. In this experiment, the reaction mixture contained enzyme solution (100 ml) and 10 ml of 50mM DSA, and the increase in optical intensity at 290 nm was measured. The original membrane solution showed 0.66 units/ml, and this was defined to be 100%.
eluted with a buffer containing 130 mM KCl. The concentration of KCl in the pooled enzyme solution was reduced to less than 50 mM with 5 mM MSH and 0.01% DM. The enzyme solution was applied to a hydroxyapatite column (2:5 Â 5 cm) that had been equilibrated with 5 mM KPB. After minor mDSD activity appeared with 100 mM KPB, the major part of mDSD was eluted with 150 mM KPB. Judging from the ratio of absorbance at 280 nm to mDSD activity, the quality of mDSD eluted in the 150 mM KPB fraction appeared to be homogenous over the fractions at this stage. A purification summary of mDSD is shown in Table 2 . Most membrane-bound enzymes relating to oxidative fermentation have been purified by low magnification, less than 100-fold, because of their high contents in the membrane fraction. 7) Likewise, mDSD purified after 30-fold purification with 38% recovery showed a specific activity of 35.1 units/mg of protein. This means that mDSD is a typical membrane-bound enzyme expanding to 3% of the total protein in the membrane fraction.
Regarding sDSD purification from G. oxydans IFO 3244, sDSD activity was detected in the cytosolic fraction obtained after separation from the membrane fraction by centrifugation at 68;000 Â g for 60 min. Developed on a DEAE-cellulose column, sDSD was eluted from the column with concentrations of KCl. sDSD was precipitated at 0.65 saturation of ammonium sulfate (430 g of ammonium sulfate/liter) and the precipitate was dissolved in 5 mM KPB, pH 7.2, but sDSD activity was lost during dialysis for further chromatography. Neurospora sDSD has been reported to be extremely labile, and it was lost within a few min at 47 C, although thermal instability was partly protected by the presence of 25 mM MgCl 2 .
1) The stabilizing effect of Mg 2þ has been reported for EDTAinhibited Neurospora sDSD, and other divalent cations, including Mo 2þ , Mn 2þ , Ba 2þ , and Ca 2þ , were also effective. 1) With sDSD from another strain of N. crassa, no protective effect due to Mg 2þ , Co 2þ , Fe 2þ , or other cofactors was observed. 3) In further study of sDSD, stabilizing conditions for sDSD should be established to purify sDSD from G. oxydans IFO 3244. Thus up to now no comparison of enzymatic properties of mDSD and sDSD has been done.
Physicochemical and catalytic properties of mDSD
The purified mDSD showed a simple absorption spectrum with a peak at 280 nm and a slight swell at 290 nm (Fig. 3A) . The purified mDSD solution was stable for 1 month when kept at 4 C in a refrigerator. No critical cofactor requirement for mDSD was observed, and no increase in mDSD activity was found when examined with various divalent cations, Mg 2þ , Mo 2þ , Mn 2þ , Ba 2þ , and Ca 2þ . The molecular weight of mDSD was measured by gel filtration using a Sephadex G-150 column. It was estimated to be 76k (data not shown). SDS-PAGE indicated that mDSD was composed of a single subunit of 76 kDa (Fig. 3B) , suggesting that it may be a monomer. When we examined the substrate specificity with the limited substrates available, including quinate, 3-dehydroquinate, DSA, and shikimate, only DSA was converted to PCA on spectrophotometric assay. On the other hand, when the reaction mixtures were developed by paper chromatography, only DSA disappeared and converted to PCA, and the other substrates were unchanged in the reaction mixture, as before incubation. Thus the mDSD purified in this study was concluded to be a responsible enzyme catalyzing the dehydration of DSA. Judging from the abundance of mDSD in the membrane fraction, the metabolic role of mDSD is suggested to form PCA. The optimum pH of the mDSD reaction was found to be pH 6-8 (Fig. 4) . Differently from sDSD from fungus or Bacillus, 1, 3, 5) the purified mDSD was very stable as far as the presence of detergent in the enzyme solution, as explained above. The optimum pH of the sDSD from B. thuringiensis 97-27 subsp. konkukian AbsF was 8-9, 5) and pH 7.5 for the Neurospora sDSD.
1) The Km value of DSA was measured to be 0.5 mM. Although it cannot be justified to compare of these Km values with those of sDSD, the Km value of Neurospora enzyme has been reported to be 0.6 mM 1) and that of Bacillus to be 0.1 mM. 5) Regarding the physiological role of mDSD, it can be recognized as the initial enzyme in aromatization, as suggested by Tatum and Gross.
2) mDSD may also be involved in the de novo biosynthesis of vanillin and related compounds, as exemplified by Schizosaccharomyces pombe and Saccharomyces cerevisiae. 15) 
